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1. Introduction 2. Materials and methods 
Cowpea chlorotic mottle virus (CCMV) is a spheri- 
cal plant virus. It consists of 3 nucleoprotein particles 
containing 4 RNA molecules with sedimentation 
coefficients of 13 S, 18 S and 23 S [ 1,2]. The molec- 
ular mass of a nucleoprotein particle is -4.6 X 10” g. 
All 3 particles have the same protein capsid, which 
consists of 180 identical polypeptide chains arranged 
icosahedrally around the RNA [3]. CCMV is stable 
around pH 5 .O, sedimenting at 88 S and increases in 
hydrodynamic volume at pH 7.5 and low ionic 
strength (<0.2). In 1 M NaCl at pH 7.5 the virus dis- 
sociates into protein dimers and RNA almost free of 
protein [4]. Both protein and RNA can be isolated in 
a native state and reassembled in vitro into nucleopro- 
tein particles by lowering the ionic strength at pH 7.5 
[4]. In the absence of RNA and by lowering the pH 
to 5 .O, protein dimers reassemble into empty protein 
capsids sedimenting at 52 S [S]. The spatial arrange- 
ment of the polypeptides in these capsids is similar to 
that in the nucleoprotein capsid: a T = 3 icosahedral 
surface lattice [6]. 
2.1. Preparation of coatprotein lacking the N-terminal 
amino acids 
Virus was purified as in [ 121. Coat protein prepared 
from virus by the CaC12 method [ 131 was dialyzed 
against 300 mM NaCl, 1 mM dithiothreitol (DTT) and 
50 mM Tris-HCl (pH 7.5). To this solution trypsin 
was added at an enzyme-substrate ratio of l/1000. 
The mixture was incubated for 1 h at 25”C, adjusted 
to pH 5.0 with 1 mM sodium acetate. Thereafter, pro- 
tein lacking the N-terminal region was separated from 
trypsin and oligopeptides on a Sepharose 6B column 
equilibrated with 300 mM NaCl and 50 mM sodium 
acetate (pH 5 .O). The fractions containing empty pro- 
tein capsids were concentrated by centrifugation and 
used for assembly or NMR experiments. 
2.2. Protein assembly 
The coat protein contains a basic N-terminal region 
[7], which can be cleaved by tryptic digestion [8]. It 
has been suggested that the N-terminal region is 
involved in protein-RNA interaction [8]. Here we 
demonstrate that the N-terminal region of CCMV is 
the RNA binding part of the protein. 
Nuclear magnetic resonance (NMR) is a suitable 
technique to study the internal mobility in tobacco 
mosaic virus [9-l 11. From our NMR experiments on 
the coat protein of CCMV, we found that the N-ter- 
minal region was internally mobile over 1O-9-1O-8 s 
in the absence of RNA, whereas this mobility was lost 
upon interaction with RNA. 
Association of coat protein was established by 
lowering the pH of a protein solution from 7.5-5.0. 
Both native protein and protein lacking the N-termi- 
nal region were dialyzed against dissociation buffer 
(1 M NaCl, 1 mM DTT and 50 mM Tris-HCI pH 7.5) 
and the dimers were subsequently assembled into 
empty capsids by dialysis against 300 mM NaCI, 1 mM 
DTT and 50 mM sodium acetate (pH 5.0); 250 1.11 
containing 100 pg protein was layered onto a linear 
lo-50% (w/v) sucrose gradient made up in 300 mM 
NaCl, 1 mM DTT and 50 mM sodium acetate (pH 5.0) 
and centrifuged for 15 h in a Beckman SW 41 rotor at 
25 000 rev./min and 5°C. The contents of the tubes 
were monitored with a LKB Uvicord III apparatus at 
280 nm. 
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2.3. Nucleopro tein assembly 
Association of protein and RNA was established 
by lowering the ionic strength at pH 7 5. Phenol- 
extracted RNA was mixed either with native coat 
protein or protein lacking the N-terminal region in 
dissocation buffer and dialyzed at 5°C for 2 h against 
10 mM KCl, 5 mM MgCl,, 1 mM DTT and 10 mM 
Tris-HCl (pH 7.4); 250 ~1 of the mixture was layered 
on a linear 1 O-50% (w/v) sucrose gradient made up 
in 10 mM KCl, 5 mM MgC&, 1 mM DTT and 10 mM 
Tris-HCI (pH 7 5) and centrifuged for 15 h in a 
Beckman SW 41 rotor at 25 000 rev./mm and 5°C. 
The contents of the tubes were monitored with a LKB 
Uvicord III apparatus at 280 nm. 
2.4. NMR measurements 
Virus was dialyzed against 200 mM KCl, 10 mM 
MgCl, and 0.5 mM sodium phosphate (pH 5.0). The 
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Fig. 1. Rate zonal centrifugation analysis of CCMV coat pro- 
tein at pH 5.0: (A) CCMV native protein;(B) CCMV protein 
lacking the N-terminal region. Inserts show schematic repre- 
sentations of the assembly products. Ellipses with tails repre- 
sent coat protein with the N-terminal region intact. 
protein preparations were dialyzed against 300 mM 
NaCl, 10 mM MgClz and 0.5 mM sodium phosphate 
(pH 5.0). Hz0 in the virus and protein solutions was 
substituted by Da0 through 3 cycles of centrifuga- 
tion and resuspension of the pellets in the above solu- 
tions made up in DzO. In DzO solutions pH meter 
readings were taken without correction for the pres- 
ence of Da 0. The final concentration of nucleopro- 
tein and protein varied from 3-18 mg/ml. 
rH NMR spec d tr were recorded with a Bruker WM 
250 supercon spectrometer. Samples of 500 121 were 
measured at 7°C in the quadrature detection mode 
with D,O lock and without ‘H-decoupling. The 
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Fig.2. Rate zonal centrifugation analysis of RNA-protein 
mixtures under assembly conditions: (A) 62.5 ng CCMV- 
RNA + 250 bg CCMV native protein; (B) 62.5 ng CCMV- 
RNA + 250 ngCCMV protein lacking the N-terminal region. 
Inserts show schematic representations of the assembly prod- 
ucts. Ellipses with tails represent coat protein with the N-ter- 
minal region intact. The dotted line represents the RNA. 
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acquisition time was 0.82 s and 4000 scans were taken. 
The sensitivity enhancement was 5 Hz. The ppm scale 
was relative to sodium 2,2dimethyl2-silapentane5- 
sulfonate (DSS). The vertical scale was corrected for 
concentration differences. 
3. Results 
3.1. The role of the N-terminalamino acids in protein- 
RNA interaction 
We have utilized the protease sensitivity of the 
protein at pH 7.5 [3] to prepare viral coat protein 
lacking 2.5 amino acids from the N-terminus. The 
N-terminal region is highly basic and contains 6 argi- 
nine and 3 lysine residues [7]. In the absence of RNA, 
both native protein and protein lacking the N-terminal 
region assemble into spherical particles as observed in 
electron microscopy. This indicates that the N-termi- 
nal region is not involved in the interaction between 
protein subunits. Fig.1 represents the rate zonal cen- 
trifugation analysis of these RNA-free assembly prod- 
ucts. As expected, the empty protein capsids assem- 
bled from protein lacking the N-terminal region sedi- 
ment slower than 52 S. Fig.2 shows the rate zonal 
centrifugation analysis of the assembly products, 
obtained by mixing either native protein or protein 
lacking the N-terminal region with intact viral RNA 
and dialyzing to assembly conditions. In agreement 
with [4] native protein reassembled with RNA into 
nucleoprotein particles sedimented around 88 S. The 
protein lacking the N-terminal region did not show 
interaction with RNA. These data demonstrate that 
the N-terminal region is the binding site for RNA. 
3.2. Mobility of the N-terminal region of the protein 
Since CCMV has a large molecular mass, the NMR 
spectral intensity of sharp peaks is a direct measure 
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Fig.3. 250 MHz ‘H NMR spectra of CCMV and its coat protein assembly products: (A) native virus; (B) empty protein capsids; 
and (C) empty protein capsids lacking the N-terminal region. Inserts show schematic representations of CCMV and its coat protein 
assembly products. Ellipses with tails represent coat protein with the N-terminal region intact. Dotted lines represent the RNA. 
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of the number of mobile nuclei [9,10]. Rigid nuclei 
give rise to broad unresolved resonances. Fig.3A repre- 
sents the 250 MHz ‘H NMR spectrum of CCMV. A 
fraction of 98% of the resonances is contained in a 
broad, unresolved background signal, indicating that 
most of the protein and RNA is rigid. The few sharp 
peaks in the 0.5-2.5 ppm region, representing -2% 
of the total spectral intensity, correspond to mobile 
parts in the virus with a rotational correlation time of 
--1O-8 s [9]. The spectrum of empty capsids of native 
protein is shown in fig.3B. The linewidth of the peaks 
in the 0.5-4.5 ppm region of this spectrum corre- 
sponds to an upper limit of the rotational correlation 
time of 3 X 10v9 s. The intensity of these peaks cor- 
responds to 15-20% of the total NMR signal which 
is approximately equivalent to 25-35 amino acid 
residues. Fig.3C represents the spectrum of empty 
protein capsids lacking the N-terminal region. From 
the absence of most of the sharp peaks in the 0.5- 
4,5 ppm region we conclude that the mobility 
observed in the empty capsids of native protein 
(fig.3B) is almost completely concentrated in the 
N-terminal region. Further evidence for the mobility 
of the N-terminal region is obtained from the obser- 
vation that no aromatic resonances occur in the 5-7 
ppm region of the spectrum in fig.3B. The N-terminal 
region does not contain any of the twelve aromatic 
amino acid residues present in native protein [7]. 
4. Discussion 
From the absence of resonances of the N-terminal 
region in the native virus spectrum (fig.3A) it is con- 
cluded that immobilization of the N-terminal region 
occurs upon interaction with RNA. We believe that 
the mobility of the N-terminal region of the coat pro- 
tein of CCMV is of great importance in the assembly 
process of the virus, since it provides a mechanism to 
enhance the probability of interaction between pro- 
tein and RNA. Although no direct structural informa- 
tion can be derived from our NMR results, these results 
are consistent with a model in which a flexible random 
coil configuration of the N-terminal region changes 
into a rigid a-helix on interaction with RNA. This 
model shows great resemblances with models proposed 
for other systems of which the stability mainly 
depends on protein-RNA interactions, such as brome 
mosaic virus [ 141, histones [ 151 or protamines [ 161. 
Smeared out electron densities are found for the 
170 
protein-RNA interaction regions in the high resolu- 
tion X-ray structure determinations of tobacco mosaic 
virus [ 171, tomato bushy stunt virus (TBSV) [ 181 
and southern bean mosaic virus (SBMV) [ 191. Internal 
mobility or disorder have been suggested to account 
for this effect [ 18 3. Our results on CCMV, which is 
very similar in structure to the spherical viruses SBMV 
and TBSV, indicate that the smeared out electron 
densities should not be interpreted as mobility on a 
time scale of <10m6 s. 
From the similarities of protein-RNA interaction 
in various biological systems, we suggest he phenom- 
enon of immobilization of the protein region which 
interacts with RNA to be a general feature in molec- 
ular biology. 
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